An experimental setup is designed to simulate the heat dissipated by electronic devices and to test the effects of nanostructured plates in enhancing the heat removal performance of jet impingement systems in such cooling applications under boiling conditions. Prior experiments conducted in single phase have shown that such different surface morphologies are effective in enhancing the heat transfer performance of jet impingement cooling applications. In this paper, results of the most recent experiments conducted using multiphase jet impingement cooling system will be presented. Distilled water is propelled into four microtubes of diameter 500 µm that provide the impinging jets to the surface. Simulation of the heat generated by miniature electronic devices is simulated through four aluminum cartridge heaters of 6.25 mm in diameter and 31.75 mm in length placed inside an aluminum base. Nanostructured plates of size 35mmx30mm and different surface morphologies are placed on the surface of the base and two thermocouples are placed to the surface of the heating base and the base is submerged into deionized water.
Water jets are targeted to the surface of the nanostructured plate from a nozzle to surface distance of 1.5 mm and heat removal characteristics of the system is studied for a range of flow rates and heat flux, varying between 107.5-181.5 ml/min and 1-400000 W/m 2 , respectively. The results obtained using nanostructured plates are compared to the ones obtained using a plain surface copper plate as control sample and reported in this paper. 
NOMENCLATURE

INTRODUCTION
Recent developments in technology made the production of electronic devices possible that are highly functional despite their diminishing sizes. The functionality comes along with miniaturizing individual components and tightly packaging an increasing number of them. Increasing the computational power of the devices while shrinking them causes a dramatic increase in heat dissipated per unit surface area, hence requiring the design of more effective and equally miniaturized cooling systems. Since conventional fan and air cooling systems -even their improved versions featuring effective fin arrays-failed to achieve this goal, using liquid cooling became a popular trend. Researchers attempted to benefit from superior heat removal characteristics of different liquids and most of such experiments presented promising results [1] . Still, for some applications such as advanced radar systems, cooling heat fluxes can be greater than 100 W/cm 2 , whereas some special applications require as high as 10000 W/cm 2 rendering single phase liquid cooling systems insufficient [2] . Presently the focus of this particular research area has shifted to cooling applications featuring phase change such as two-phase jet impingement, micro-channel cooling and pool boiling. Experiments conducted on two-phase cooling systems have repeatedly shown that operating in two-phase yields better results than single phase applications [1] . Though the dynamics and limitations are still vague and need further study to be resolved completely, two-phase liquid cooling seems to be the most valid approach on the problem.
Due to its capability of achieving high heat transfer rates, jet impingement is one of the most preferred cooling mechanisms. It is also an advantage that jet impingement removes any thermal interface resistances between the cooling fluid and the heated surface [3] . Moreover, macro scale applications such as cooling of gas turbine blades [4] , annealing of metals [5] , cooling of grinding processes [6] and cooling of photovoltaic cells [7] are highly benefitting from superior heat transfer characteristics of jet impingement systems along with the micro scale applications such as cooling of electronic components, microprocessors and MEMS devices [3] .
It is a rising trend in heat transfer community to couple effective cooling systems with nanostructured surfaces to enhance the ability of heat removal [8] [9] [10] . Capability of such surfaces in decreasing the contact angle and increasing wettability in boiling applications has been reported in literature [11] [12] [13] [14] [15] , but there is a lack of knowledge concerning their performances in jet impingement applications. This study aims to fill this gap by providing experimental work on the performance of nanostructured surfaces with varying nanorod orientations, when they are used in jet impingement applications under phase change conditions.
OVERVIEW ON NANOSTRUCTURED PLATES
GLAD (Glancing Angle Deposition) technique is a selfassembly growth technique that can provide a novel capability for growing 3D nanostructure arrays with interesting material properties such as high electrical/thermal conductivity and also reduced oxidation compared to the polycrystalline films [16] [17] [18] . It offers a simple, single-step, cost-and time-efficient method to fabricate nanostructured arrays of various elemental materials as well as alloys and oxides. The GLAD technique uses the "shadowing effect", which is a "physical selfassembly" process, through which some of the obliquely incident atoms may not reach certain points on the substrate due to the concurrent growth of parallel structures. Due to the statistical fluctuations in the growth and effect of initial substrate surface roughness, some rods grow faster in the vertical direction. These longer nanorods capture the incident atoms, while the shorter rods get shadowed and cannot grow anymore. This leads to the formation of isolated nanostructures. In addition, nanostructures with different shapes such as vertical tilted, helical, or zigzag geometries can be obtained by introducing a substrate rotation around the surface normal axis. The shadowing effect, and therefore shapes and sizes of nanostructured arrays of GLAD, can be controlled by adjusting the deposition rate, incidence angle, substrate rotation speed, working gas pressure, substrate temperature, and the initial surface topography of the substrate.
NANOSTRUCTURE DEPOSITION
The schematic of the custom-made GLAD experimental setup in the present study is shown in Fig.1 . For the fabrication of vertically aligned and tilted Cu nanorod arrays, the DC magnetron sputter GLAD technique is employed. Cu nanorods were deposited on the native oxide p-Si (100) substrates (2 cm2) coated with a 50 nm thick flat Cu film using a 99.9% pure Cu cathode (diameter about 7.6 cm). The substrates were mounted on the sample holder located at a distance of about 12 cm from the cathode. For GLAD growth, the substrate was tilted so that the angle θ between the surface normal of the target and the surface normal of the substrate is 87º. The substrate was attached to a stepper motor and rotated at a speed of 2 rpm for growing vertical nanorods, while the substrate was not rotated for the deposition of tilted nanorods. The depositions were performed under a base pressure of 6.5 x 10-7 Torr, which was achieved by utilizing a turbo-molecular pump backed by a mechanical pump. During Cu deposition experiments, the power was 200 W with an ultrapure Ar working gas pressure of 2.5 mTorr. The deposition time of GLAD Cu nanorods was 60 min. For comparison purposes, conventional smooth Cu thin film samples (i.e. "plain surface" configuration) were also prepared by normal incidence deposition (θ = 0o) with a substrate rotation of 2 rpm. Deposition rate of the vertical nanorods was measured utilizing quartz crystal microbalance (Inficon-Q-pod QCM monitor, crystal: 6 MHz gold coated standard quartz) measurements and cross-sectional scanning electron microscopy (SEM) image analysis to be about 8.6 nm/min. The SEM unit (FESEM-6330F, JEOL Ltd, Tokyo, Japan) was used to study the morphology of the deposited nanorods. The top and side view SEM images of vertical Cu nanorods are shown in Fig. 2 (b) in which an isolated columnar morphology can be seen. However, for the conventional Cu film deposited at normal incidence, its surface was observed to be flat as indicated by the SEM image ( Fig. 2(a) ). As can be seen from Fig. 2(b) , the top of the vertical nanorods has a pyramidal shape with four facets, which indicates that an individual nanorod has a single crystal structure. This observation was confirmed by previous studies [19] [20] [21] and our recent work [22] which reported that individual metallic nanorods fabricated by GLAD are typically single crystal. Single crystal rods do not have any interior grain boundaries and have faceted sharp tips. This property will allow reduced surface oxidation, which can greatly increase the thermal conductivity, robustness, and resistance to oxidation-degradation of our nanorods in the present study. The tilted Cu nanorods deposited in the absence of substrate rotation have flat tops tilted towards the flux direction as shown in Fig. 2(c) . In addition, the slanted Cu nanorods also have a faceted top; however, many fibrous structures are present along its sidewalls in contrast to the smooth sides of the vertical Cu nanorods, indicating that the tilted Cu nanorods are not single crystal.
Figure 2. SEM images of copper plates
At early stages of GLAD growth, the number density of the nanorods was larger, and the resulting nanorods had diameters as small as about 5-10 nm. As they grew longer and some of them stopped growing, due to the shadowing effect, their diameter grew up to about 100 nm. The average height of the individual rod was measured to be about 600 nm and the average gap among the nanorods also changed with their length from 5-10 nm up to 20-100 and 20-50 nm for vertical and tilted Cu nanorods, respectively, at later stages.
EXPERIMENTAL SETUP AND PROCEDURE
Experimental Setup
The main components constituting the cooling system are an aluminum base with 4 cartridge heaters, a nanostructured plate placed on top of it, four microchannels generating the impinging jets over the tested samples, and thin (76 μm thick) sensitive thermocouple to measure the surface temperature.
Figure 3. Experimental Setup
The aluminum base of dimensions 35mmx29mmx10mm houses four built-in cartridge heaters of diameter 6.25 mm and of length 31.75 mm which are treated with a high duty thermal grease and sealed to the base with an aluminum cap in order to enhance heat transfer rate and minimize heat losses. A thermocouple is also treated with high duty thermal grease and attached on the surface of the aluminum base. The heaters provide constant heat flux to the system, simulating the heat generated by microchips/microprocessors. The nanostructured copper plates as well as the plain surface Cu thin film that is used as control sample of dimensions 35mmx30mm are placed on the aluminum base. The plate is also treated with high quality thermal grease to improve the efficiency of the cooling process by enhancing the heat transfer rate. The whole setup is carefully sealed to prevent any leakages.
Impinging jets are targeted to the tested surface to remove the unwanted heat away from the plate effectively. The impinging jets are provided by four microchannels of inner diameter 500 μm that are connected to the experimental setup using a CONAX multiple element high pressure sealing and have a distance of 1.5mm to the plate. DI-water is driven into the channels using a HNP Mikrosysteme micro gear pump that can be precisely tuned with a controller allowing the conduction of experiments at different steady flow rates. Cole Parmer flow meter integrated to the system is used to measure the volumetric flow rate through the jets. To determine the pressure drop across the setup, Omega pressure gauge is attached to the inlet. A thermocouple is placed on the surface of the aluminum base and is used to acquire accurate steady surface temperature data (Fig. 4) .
Figure 4. Cooling device
Data is gathered through data acquisition system (NI-SCXI 1000). Data acquisition system records 100 data points per second at 100Hz sampling rate. 3000 temperature data points were averaged for each steady state heat flux condition. These data points are then exported through data acquisition software LABVIEW after averaging via MS Visual Studio and MATLAB software once steady state conditions are reached.
Experimental Procedure
After the experimental setup is prepared as explained, the surface temperatures are measured as a function of the input power data gathered from the readings of the power supply. This procedure is carried out at various flow rates, which are adjusted in the inlet region of the setup. In addition to the measurements of flow rates and power values, inlet temperatures, surface temperatures, pressure drops across the system, and electrical currents flowing through the cartridge heaters were also measured with the appropriate sensors (Omega thermocouples, Omega pressure transducer, Agilent voltmeter, Cole Parmer flow meter). This procedure is then executed for the samples of vertical and tilted nanostructured plates as well as for the plain surface plate in order to investigate the potential positive effects of the nanostructured plates on heat transfer.
Data Reduction
Heat flux provided to the system, q", is obtained from
where P is the power input, Q loss is the thermal and electrical power loss and A is the heated area of the plate. The surface temperatures are calculated by considering thermal contact resistances from the thermocouple to the surface of the nanostructured plate,
where T th is the thermocouple temperature reading and R tot is the total thermal resistance from the thermocouples to the surface of the nanostructured plate. The average of the surface temperatures are taken to obtain the average surface temperature T th . The heat transfer coefficient, h, is then calculated by
Where T s is the surface temperature and T sat is the saturation temperature of the fluid. The velocity, u, is expressed as =̇ (4) where ̇ is the flow rate of the water and is the total crossectional area of nozzles.
Uncertainty Analysis
The uncertainties of the measured values are given in Table 1 and are derived from the manufacturer's specification sheet while the uncertainties of the derived parameters are obtained using the propagation of uncertainty method developed by Kline Nanostructured plate with vertical nanorods (referred to as "vertical NR" in the legends) has shown the best cooling performance in accordance of our previous findings from both pool boiling experiments [24] and single phase jet impingement experiments [25] compared to both the plain surface Cu plate that is used as control sample (referred to as "plain Cu" in the legends) and the nanostructured plate with tilted nanorods (referred to as "tilted NR" in the legends). Surface temperatures are the lowest for the nanostructured plate with vertical nanorods at all heat flux values and the lowest for the nanostructured plate with tilted nanorods confirming previous results [25] .
Temperature vs. heat flux graphics for higher flow rates of 144,5 ml/min and 181,5 mil/min are provided in Fig. 6 and Fig.7 respectively, the latter two following a very similar trend to the first graph, whereas the temperature values for the same heat flux values drop at higher flow rates as expected. In all three graphs, crossing the threshold of phase change is clearly visible through the spiking slope at T sat , but temperature measurements of the nanostructured plate with vertical nanorods display an almost horizontal linearization of surface temperatures. Moreover, boiling incipience occurs earlier for the vertical nanorod configuration followed by the flat plate and the tilted nanorod configuration. values. Confirming the indications of the temperature findings, the nanostructured plate with vertical nanorods has the best cooling performance again and displays the highest heat transfer coefficients at all heat flux values, followed by the plain surface Cu plate and then the nanostructured plate with tilted nanorods. This enhancement of heat transfer coefficients implies that the cooling performance of the jet impingement system is elevated by the use of nanostructured plate with vertical nanorods, whereas the lower heat transfer coefficients obtained while using nanostructured plate with tilted nanorods compared to the plain surface Cu plate proves that tilted nanorods not only fail to improve the cooling performance of the system but also makes it less efficient. Vertical nanorods on the surface enhance the heat transfer characteristics of the cooling system by creating secondary flows and modifying the boundary layers. They also increase the number of active nucleate sites by interacting with each other to increase cavity size and promote nucleate boiling, facilitating heat removal from the surface and stabilizing the surface temperature. Moreover, the nanostructures provide more mixing in natural convection mode and increase natural convection from the surface. Heat transfer coefficients obtained at constant volumetric flow rates 144.5 ml/min and 181.5 ml/min plotted against heat flux are displayed in Fig. 9 and Fig. 10 respectively. The corresponding curves follow a similar trend to the ones displayed in Fig. 8 but as the volumetric flow rate is increased, the difference between the heat transfer coefficients calculated for three surface morphologies become more pronounced. The poorer performance of the nanostructured plate with tilted nanorods is attributed to the non-single-crystal structure of the tilted nanorods which leads to decreased heat removal rate due to the increased surface oxidation. Moreover, the tilted nanorods decrease the liquid supply to the base of the plate, where the temperature is at the highest level. Hence, the liquid contacts only the tops of the tilted nanorods and the heat transfer area decreases. The air gaps between tightly packed tilted nanorods introduce yet another thermal resistance that further decreases heat transfer performance of the system. In contrast to these features of tilted nanorods, the vertical nanostructure arrangement with larger gaps could allow liquid jet supply to the base, which would significantly enhance the liquid-solid contact area and improve the heat transfer. As displayed in Fig. 8-10 , heat transfer coefficients tend to follow a decreasing trend as the heat flux values increase. This behaviour can be attributed to the convective boiling heat transfer effects observed at high mass velocities.
As the flow rate is increases to 181.5 ml/min, a heat transfer coefficient as high as 46896 W/m 2 K is achievable using the nanostructured plate with vertical nanorods.
CONCLUSION
The results gathered from our experimental work suggest that using nanostructured plates with vertical nanorods greatly increases the cooling performance of jet impingement systems. The vertical nanorods act as pin-fins that increase the surface roughness and hence increase the surface wettability by decreasing the contact angle with the fluid. Moreover, they augment the number of bubbles generated by increasing the number of active nucleation sites and thus contribute further to the heat transfer. However, tilted nanorods have drawbacks since they decrease the liquid supply to the base of the plate, where the temperature is the highest. Their denser structure introduces another source of thermal resistance, decreasing the heat removal rate further. Dense packaging also prevents the tilted nanorods to contribute in enhancing the heat transfer area, since only the tops of the nanorods are in contact with the cooling liquid.
Another significant result observed is that higher heat transfer coefficients are achievable in two phase cooling systems compared to the single phase systems. An enhancement of heat transfer coefficient up to 20 times could be possible compared to the single phase system, indicating the superior heat removal characteristics of the two phase systems. In the light of the tabulated results, more in-depth systematic studies to control the length, spacing, orientation and diameter of nanorods are critically important for fundamental understanding of heat transfer occurring from the nanostructured surfaces as well as to clarify the potential benefits/limitations of this technology in various applications such as cooling of small electronic devices like micro reactors, micro propulsion, biotechnology, fuel cells and air conditioning. Moreover, there is a need to develop empirical correlations for calculating the heat transfer coefficients of the nanostructured surfaces, which can be useful in designing such devices for cooling applications. 
